Abstract To deposit TiO2 films through plasma CVD, the partial pressure ratio of O2 to TiCl4 should be greater than the stoichiometric ratio (pO 2 /p TiCl 4 > 1). However, this may lead to the formation of powder instead of film on the substrate when using volume dielectric barrier discharge (volume-DBD) at atmospheric pressure. In this study, by adding N2 into the working gas Ar, TiO2 photocatalytic films were successfully fabricated in the presence of excess O2 (pO 2 /p TiCl 4 = 2.6) by using a wire-to-plate atmospheric-pressure volume-DBD. The tuning effect of N2 on the deposition of TiO2 film was studied in detail. The results showed that by increasing the N2 content, the deposition rate and particle size of the TiO2 film were reduced, and its photocatalytic activity was enhanced. The tuning mechanism of N2 is further discussed.
Introduction
TiO 2 thin film has drawn much research attention due to its versatile applications in photocatalysis, photovoltaics, biocompatibility and sanitary disinfection [1∼6] . To fabricate TiO 2 film, conventional thermal CVD or sol-gel processes often require high temperature substrates or thermal post-treatment, which are not suitable for thermally sensitive substrate materials such as polymers and textiles. In contrast, plasma CVD drives the film deposition process by utilizing plasma to activate reactive precursors, allowing the deposition at lower temperature. However, it has mostly been low pressure incorporated with sophisticated discharge and vacuum systems that have been adopted [7∼9] . Thus, in recent years, considerable attention has been paid to the development of atmospheric-pressure cold plasma CVD technologies [10, 11] .
Dielectric barrier discharge (DBD), which was widely used to generate atmospheric-pressure cold plasma, has been recently adopted into the preparation of TiO 2 nanopowder or film [12∼19] . In these studies, atmospheric-pressure volume-DBD plasma was commonly applied, typically using argon or helium as the working gas because of the energetic metastable atoms (e.g., Ar 3 P 0 and He 3 S metastables at 11.55 eV and 19.82 eV, respectively). However, the challenge still remains as to how to prevent rapid oxidation of TiCl 4 and deposit stoichiometric TiO 2 film instead of powder on the substrate. HODGKINSON et al. [19] found that the deposition of TiO 2 film from TiCl 4 and O 2 using He as the working gas was highly sensitive to oxygen partial pressure. When p O2 /p TiCl4 = 1/3, a layer of well adhered and scratch resistant film was formed, but the film composition was substoichiometric (TiO x , x ≈ 1.6 ∼ 1.7), while further increasing p O2 /p TiCl4 to 2/3 resulted in powder formation. Thus, in order to fabricate stoichiometric TiO 2 thin film using atmosphericpressure volume-DBD plasma, the deposition process needs to be optimized to keep p O2 /p TiCl4 > 1 while reducing the oxidation rate of TiCl 4 to avoid powder formation.
The mixture of Ar-N 2 or He-N 2 has been used as working gas to reduce the powder formation during the deposition of SiO 2 -like films [20∼22] . As a result of the quenching effect of N 2 on metastable Ar or He atoms, introducing N 2 into the Ar or He plasma led to a reduction in the number density of metastable Ar or He atoms, and therefore a reduction in the reaction rate of precursors. However, to the best of our knowledge, there has been no report on introducing N 2 into plasma to optimize the deposition process of TiO 2 films. In this study, by adding N 2 into Ar as the working gas, TiO 2 photocatalytic film was successfully fabricated in the presence of excess O 2 (p O2 /p TiCl4 = 2.6), using a wire-to-plate atmospheric-pressure volume-DBD. The tuning effect of N 2 on the deposition of TiO 2 film was investigated for the first time. In addition, the tuning mechanism of N 2 is discussed in the paper based on the analysis of the optical emission spectra (OES) and gas temperature during the deposition of TiO 2 film.
Experiment

Synthesis of TiO 2 film
The schematic diagram of wire-to-plate DBD induced plasma CVD for TiO 2 film preparation at atmospheric pressure on a moving glass substrate is shown in Fig. 1 . The wire-to-plate DBD electrode system consisted of two high-voltage electrodes and a ground electrode. The high-voltage electrodes comprised two copper wires (1 mm in diameter) placed inside two alumina tubes (1.1 mm i.d., 3.0 mm o.d.), respectively. The ground electrode covered by an alumina plate (1 mm thick) was a 2.5 cm wide aluminum foil. A piece of microscope slide glass (76 × 26 × 1.5 mm) was placed on the alumina plate as the substrate for the deposition of TiO 2 film. The discharge gap was 0.3 mm. The power source (CTP-2000K, Nanjing Suman Electronic Co. Ltd) was capable of supplying a bipolar sine wave output with a 0∼40 kV peak-to-peak voltage (U p−p ) at a frequency of 7.5∼30 kHz. TiCl 4 vapor, as the titanium precursor carried out by argon gas from a bubbler placed in an ice-water bath, was mixed with 2%O 2 /Ar, Ar and N 2 gas. The gas mixture, with a 1.1 L/min flow rate, flowed from the gap (1 mm) of the two alumina tubes to the discharge gap. The partial pressure of TiCl 4 in the gas mixture was calculated to be approximately 15 Pa according to the saturated vapor pressure of TiCl 4 . The partial pressure of O 2 was 39 Pa. The deposition process of TiO 2 thin film was conducted at a frequency of 14.6 kHz for 7.5 min without extra heating.
A fiber thermometer (FISO FOT-H) with a nominal error of 2 K was employed to determine the gas temperature in the plasma, and the optical emission spectra (OES) from the DBD reactor during the deposition of TiO 2 film were observed by a monochromator (SP300i, Acton) in the spectra range of 200∼900 nm. The vibrational temperature was determined by fitting the spectrum with SPECAIR in the range of 360∼382 nm. This spectral range corresponds to the ∆ν = −2 vibrational band sequence of N 2 (C-B). The electron excitation temperature T exc can be determined under a Boltzmann approximation by the ratio of two spectral lines or a Boltzmann plot provided that the plasma is in the local thermodynamic equilibrium (LTE) [23] . For this study, two characteristic spectral lines of Ar atoms at 750.4 nm and 763.5 nm were chosen to determine the electron excitation temperature under a Boltzmann approximation. The variation in the electron excitation temperature reflects the changes in the relative population distribution in the atomic levels and the electron temperature of the plasma due to the electron-atom collision dominating in the atmospheric-pressure plasma discharge [24] .
Characterization of TiO 2 film
To determine the amount of deposited titanium, the as-deposited TiO 2 film was placed into a warm (NH 4 ) 2 SO 4 -H 2 SO 4 mixture solution. The solution was heated up to boiling point for 1 h. The dissolved titanium was quantified by the colorimetric method [14, 25] . The thickness of the as-deposited TiO 2 film was measured by a surface profilometer (Dektek 150, Veeco). The morphologies of the as-deposited TiO 2 film were observed by field-emission SEM (Quanta 200F, FEI). The absorbance spectra of the film were measured by a UV-Vis spectral photometer (V-550, JASCO). The chemical binding states and compositions of the TiO 2 film were investigated by X-ray photoelectron spectroscopy (XPS, ESCALAN250 Thermo VG) using a monochromatized Al-K α (1486.6 eV) X-ray source. All binding energies were referenced to the carbon 1s XPS peak at 284.6 eV.
Photocatalytic activity tests of TiO 2 film
The photocatalytic activity test of the as-deposited TiO 2 film was performed in a continuous flow reactor, through the complete oxidation reaction of HCHO to CO 2 in simulated air under UV irradiation (1.77 mW/cm 2 ) generated from a 254 nm lamp (Philips, 8 W). The continuous flow photocatalytic reactor has been described in our previous paper [16] .
3 Results and discussion 3.1 Tuning effect of N 2 content on deposition rate, particle size and photocatalytic activity of the asdeposited TiO 2 films TiO 2 films were prepared by wire-to-plate DBD induced plasma CVD under different experimental conditions, as summarized in Table 1 . In order to assure Our preliminary experiments showed when Ar was used as balance gas, the total flow rate = 1.1 L/min, and p TiCl4 = 15 Pa , more than 6% of N 2 in the working gas was required to prevent the powder formation effectively. Therefore, a N 2 content ranging from 10% to 90% was selected for the detailed investigation of the tuning effect of N 2 on the deposition rate, particle size and photocatalytic activity of the TiO 2 films. It should be noted that, when the input power was kept constant, the increase in the N 2 content led to the increase in the discharge voltage and the reduction in the discharge power (Fig. 2) . In addition, it was difficult to keep the discharge power constant when the N 2 content was varied over a wide range. Thus, the tuning effect of N 2 in this experiment was firstly investigated at a fixed input power by increasing the N 2 content from 10% to 90%, and then confirmed at a fixed discharge power only in the two cases of N 2 content. The TiO 2 deposition rate, surface morphology and UV-Vis absorbance of samples S1 to S5 were compared at a fixed input power as in Fig. 3 . SEM images of all five samples showed evenly distributed granular surface morphologies, but the surface roughness and the particle size were reduced significantly, as the TiO 2 deposition rate decreased from sample S1 to S5 by increasing the N 2 content. In addition, the UV-Vis spectra (Fig. 3(b) ) demonstrated the high visible light transparency and strong UV absorption of the deposited TiO 2 film. The enhancement in visible light transmittance from S1 to S5 also corresponded to the reduction in the TiO 2 film thickness. For example, the TiO 2 film thicknesses of S2 and S5 are 446 nm and 191 nm, respectively. The same trend of surface morphology and UV-Vis absorbance change were observed as in Fig. 4 for samples S5 and S6, which were prepared at a similar discharge power close to 5 W with a 30% and 90% N 2 content, respectively. TiO 2 film thicknesses of S6 and S5 are 352 nm and 191 nm, respectively. To verify the chemical binding states and compositions of the TiO 2 film, samples S1 to S6 were studied by XPS and the spectra are compared in Fig.  5 . High resolution Ti 2p spectra (Fig. 5(b) ) showed 2p 3/2 at 458.4 eV and a spin orbital splitting, ∆ of 5.8 eV, characteristic of Ti 4+ attached to O 2− [26] . The O 1s spectra (Fig. 5(a) ) confirmed this assignment with the corresponding O 2− for an oxide at 529.9 eV.
No Ti 3+ at 456.7 eV [27] or corresponding O 2− at 528.5 eV [13, 28] was detected in the spectra. In addition, the O 1s signal contained a much smaller resolved signal at 531.2 eV, which had previously been assigned to OH [29] . The N 1s spectra (Fig. 5(c) ) of the TiO 2 films revealed only one peak at 400 eV belonging to molecularly chemisorbed γ-N 2 , while no peak of doped N at 396 eV [30] was detected, which indicated that N-doped TiO 2 was not formed during the deposition process. According to the XPS results, there was little difference in the chemical binding state and composition between the six samples of TiO 2 film deposited at different N 2 contents with the same input power or discharge power, and the O/Ti atomic ratio of these samples was in the range of 1.9∼2.0. This may be attributed to the deposition processes in excess of O 2 (p O2 /p TiCl4 = 2.6) for the six samples of TiO 2 film. The photocatalytic reaction activity of the asdeposited TiO 2 film was studied through the complete oxidation of HCHO to CO 2 in simulated air under UV irradiation. The reaction rate data of samples S1 to S5 deposited at different N 2 contents and same input power are shown in Fig. 6 , and the reaction rate of samples S6 and S5 deposited at different N 2 contents and the same discharge power are compared in Fig. 7 . These studies proved that the TiO 2 film deposited by N 2 -containing plasma was notably active for the photocatalytic oxidation reaction of formaldehyde, and the photocatalytic activity increased significantly by increasing the N 2 content. So it can be deduced that the increase in the N 2 content will facilitate the formation of photocatalytically-active phase in TiO 2 films. In addition, the decrease in the particle size (Table 1) may also enhance the photocatalytic activity of the TiO 2 films. It should be noted that, S2 and S6 were deposited with the same N 2 content, but the discharge power for depositing S2 was higher than that for depositing S6 ( Table 1) . As a result, the photocatalytic activity of S2 was higher than that of S6 ( Fig. 6 and Fig. 7 ). In order to disclose the tuning mechanism of N 2 during the deposition process of the TiO 2 film by atmosphere-pressure volume-DBD plasma, the optical emission spectra (OES) were recorded, and a fiber thermometer was employed to determine the gas temperature T g as well. According to the OES spectra, the vibrational temperature T vib was determined by fitting the spectrum with SPECAIR, and the electron excitation temperature T exc was determined under a Boltzmann approximation.
As shown in Figs. 8 and 9 , with an increasing N 2 content at the same input power or discharge power, there was no obvious change in the gas temperature (T g ∼ 400 K), while the vibrational temperature increased and the electron excitation temperature decreased. These data provided the evidence of how the TiO 2 deposition rate was tuned by addition of N 2 into the plasma working gas: the increase in the N 2 content led to an increase in the collision frequency of N 2 molecules with electrons and metastable Ar atoms. As a result, the electron excitation temperature was reduced and more vibrationally excited states of nitrogen molecules were generated. The reduction in the electron excitation temperature and metastable Ar atoms may lead to the reduction in the reaction rate, and hence the reduction in the deposition rate and particle size of TiO 2 film. The increase in the number density of vibrational excitation state N 2 molecules made the collision relaxation become more frequent between vibrationally excited states, i.e., the VV energy transfer [31, 32] led to the increase in the vibrational temperature. In addition, our studies also showed that the addition of N 2 into the working gas of the plasma enhanced the photocatalytic activity of the as-deposited TiO 2 film. We suspect there exists a correlation between the N 2 vibrational temperature and photocatalytically-active phase formation; however, no evidence is available at this moment.
In summary, the tuning effect of N 2 on the deposition rate, particle size and photocatalytic activity of the as-deposited TiO 2 films and its tuning mechanism were as shown schematically in Fig. 10 . Fig.10 The schematic diagram of N2 tuning effect and its mechanism (color online)
Conclusions
In this study, by adding N 2 into Ar, TiO 2 photocatalytic film was successfully fabricated in the presence of excess O 2 (p O2 /p TiCl4 = 2.6), using a wire-to-plate atmospheric-pressure volume-DBD.
The tuning effect of N 2 on the deposited TiO 2 film was studied at different N 2 contents with the same input power or discharge power. The results showed that by increasing the N 2 content, the deposition rate and particle size of the TiO 2 film were reduced, and its photocatalytic activity was enhanced. The chemical binding state and composition of the fabricated TiO 2 film were characterized by XPS and the O/Ti atomic ratio was in the range of 1.9∼2.0. No N-doped TiO 2 was formed during the deposition process.
Analysis of the OES spectra and the gas temperature during the deposition of the TiO 2 films showed that, with the increase in the N 2 content, the vibrational temperature of N 2 increased, the electron excitation temperature decreased, and there was no obvious change in the gas temperature. These explained that the addition of N 2 resulted in the changing of the TiO 2 deposition rate, particle size and photocatalytic activity of the as-deposited TiO 2 film.
